Abstract-This paper investigates the practical effectiveness of employing superconducting stacked tapes to superconducting electric machinery. The use of superconducting bulks in various practical applications has been addressed extensively in the literature. However, in practice, dramatic decrease in magnetization would occur on superconducting bulks due to the crossed field effect. In our study, we employed the superconducting stacked tapes in a synchronous superconducting motor, which was designed and fabricated in our laboratory, aiming to lessen demagnetization due to crossed field effect in comparison with superconducting bulks. Applying the transverse AC field, the effects of frequency, amplitude, and number of cycles of the transverse magnetic field are discussed. Furthermore, a stack of 16 layers of superconducting tapes is modelled and the consequences of applying the crossed magnetic field on the sample are evaluated. The confrontation between experiments and simulation allows us to thoroughly understand the crossed field effects on stacked tapes. At the end, a preventive treatment, based on the shielding characteristic of superconductor and materials with high permeability, i.e. μ-metal and metalic glass, is suggested. On the other hand, the shielding feature of aforementioned materials will hinder the penetration of magnetic field and, consequently, reduction of the demagnetization will be attained.
I. INTRODUCTION

H
IGH temperature superconductors have a good reputation of trapping high magnetic fields [1] , [2] for practical applications where high magnetic field is required. In this regards, superconducting bulks have been used extensively in practice as a replacement for rare-earth permanent magnet [3] . However, regardless of practical challenges due to mechanical instability in high field imposed by Lorentz forces and low current density comparable the size of a bulk [4] , [5] , the crossed magnetic field has a destructive effect on the magnetization of superconducting bulks [6] . On the other hand, applying AC magnetic field on superconducting bulks would redistribute the initial current distribution inside the superconductor which leads to reduction of the main initial trapped field. The most severe demagnetization is when the AC magnetic field is perpendicular to the initial magnetization [6] - [8] . Thus, to validate the practical applicability of superconductors to be implemented as permanent magnets, it is a compelling urge to eliminate the demagnetization due to the crossed field effect.
The superconducting stacked tapes with a great potential to highly trap magnetic field was introduced in [9] . On the other hand, the sample, including two superconducting stacked tapes each with 120 layers, was able to trap field over 7 T at the temperature of 4.2 K. This striking high value for the trapped magnetic field given the small size of the stack together with the commercial availability of the tapes, almost uniform physical properties in long lengths, and relatively higher mechanical strength compared with superconducting bulks [10] , makes the stacked configuration an ideal candidate for strong magnet applications.
After successfully manufacturing a synchronous superconducting motor based on superconducting bulks [11] , we designed and fabricated the second superconducting motor [ Fig. 1(a) ], in which the superconducting stacked tapes are implemented.
As shown in Fig. 1(b) , superconducting tapes with the width of 46 mm were cut in the length of 76 mm. Then they were stacked and placed inside the rotor that is integrated with the 1051-8223 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. copper coil, which is used to initially magnetize the superconductors. In practice, using superconductors in this configuration, the HTS stack will experience magnetic field not only parallel to the initial magnetization, but also in every other angle. This work presents extreme case of demagnetization which is due to the crossed magnetic field. Although the behaviour of type-II superconductors is well understood for the case where current density, J, is perpendicular to magnetic induction field, B, the theories for the case where J has components both perpendicular and parallel to B is still in a state of development. Several theoretical studies have been made in the literature aiming to describe the magnetic behaviour of irreversible type-II superconductors subjected to crossed magnetic fields including generalized double criticalstate model, Brandt and Mikitik model, original elliptic criticalstate model, extended elliptic critical-state model and Badia, Lopez, and Ruiz model [12] , [13] .
The objective of this work is to investigate the effects of crossed magnetic field on the magnetization of superconducting stacked tapes through varying the amplitude, frequency, and the number of cycles of transverse magnetic field. Furthermore, a 2-D model of stacked tapes based on finite element method is employed to ascertain the validity of experimental results. Finally, a protective method is proposed to decrease the demagnetization both on superconducting bulks and stacked tapes.
II. EXPERIMENTAL SETUP
The sample consists of a stack of sixteen 12 mm square of HTS superconductors from SuperPower Inc.. The overview of the experimental rig is depicted in Fig. 2(a) . The sample is then placed in a 3-D printed nylon cassette where two linear arrays of Hall probe boards are located on beneath and one side of the holder [ Fig. 2(b) ]. The first Hall probe board array, shown in red, has 5 Hall probes located under the bottom layer of the stacked tapes. These sensors are implemented to measure not only the initial trapped magnetic field, where there is no transverse AC field, μ 0 H peak ab = 0 T, in the sample due to perpendicular applied magnetic field in respect to the wider surface of the superconductors, H ⊥c , but also the decay of magnetizations due to transverse AC magnetic field, H c . The second Hall probe board, shown in green, includes two Hall probes which are responsible of the measurement of H c . The cassette is then placed inside a nylon rod. Both rod and the holder are then located inside a cylindrical nitrogen bath made of a polycarbonate tube that is attached from the top to a nitrogen reservoir. Having several materials with different expansion rates, we employed finite element analysis to be confident that the experimental rig can be safely used at low temperature, 77 K.
In all the experiments, the wider surface of the stack is initially placed parallel with poles of the magnet and are magnetized using field cooled magnetization. The amplitude of the magnetic field, H c , in field cooled magnetization was set relatively high to be confident the sample will be fully magnetized, i.e. 119 mT, to have a same baseline for all experiments. Following the removal of background field, a constant time interval, i.e. 600 seconds, was then employed to allow the trapped magnetic field to relax due to thermally activated flux creep. Getting ready for applying the crossed field, the sample is turned 90 degrees, thus, the direction of the magnetic field would be in parallel to wider surface of the superconductor. Considering various amplitude of transverse magnetic fields, the experiments could be conducted either at a constant sweep rate (dB/dt = const) or a fixed frequency (f = const). In our study we used the latter one in which frequencies 0.5 Hz, 2.5 Hz, and 7.5 Hz with different amplitudes, |μ 0 H peak ab | = 80 mT, 150 mT, 220, mT, and 300 mT were applied. Furthermore, each experiment is conducted for 100 cycles to observe the consequences of applying several cycles of AC transverse field on demagnetization.
III. RESULTS AND DISCUSSION
An exemplary graph of linear reduction of the magnetization for a AC transverse field with the amplitude of μ 0 H peak ab = 80 mT and the frequency of 0.5 Hz for 100 cycles is given in Fig. 3 . In the first look it is noticeable that the effect of the crossed field on the magnetization is slight. On the other hand, there is no sign of a dramatic plunge in magnetization as was reported for superconducting bulks [6] . In our case, having the linear pattern for demagnetization, the decrement of magnetization for one cycle is very small.
The maximum percentage of demagnetization for various amplitude and operating frequencies of transverse magnetic field H ab are given in Fig. 4 . Furthermore, demagnetization in the stacked tapes varies inversely with frequency under the same applied transverse magnetic field.
Comparing with studies carried on superconducting bulks [6] in which more than 50% of the initial trapped field was lost after just one cycle for H ab /H c ≈ 1.5, the demagnetization factor of the stacked tapes is strikingly lower, ∼10% after 100 cycles for H ab /H c ≈ 3). This achievement in reduction of the demagnetization makes the stacked configuration very attractive for practical applications.
The reason for this impressive reduction can be explained by comparing the aspect ratio of superconducting bulks with stacked tapes. On the other hand, the aspect ratio of the superconducting bulk in [6] was 4 while in stacked tapes is 12 mm/1 μm = 12 000. Having high aspect ratio, because of very low thickness of superconducting tapes, increases the amplitude of minimum critical Lorentz force required for removing the pinned vortices from pinning centres [14] , that consequently leads to smaller demagnetization on stacked tapes comparing with bulks.
This phenomenon can also be explained by observing the significant increment of relaxation time in superconductors due to transverse field in superconducting stacked tapes as it is inversely proportional with the thickness of a sample,t = (a/c)πJ c⊥ /(ωH peak ab ) [14] wheret is relaxation time, c is the thickness, ω is the frequency, and a is the length of the sample. Thus, when the field H ab is not too large, i.e., μ 0 H⊥ c < J c⊥ a, the sheet current (J x , J y ) decays very little during a cycle of the AC field and therefore, the relaxation time increases as the thickness of the sample decreases.
To validate the experimental results, we model the crossed field effect using finite element analysis. The governing equations, derived from Maxwell's equations, are given in (1) and (2)
where
n−1 , and J c is defined as the current at which E 0 = 1 × 10 −4 Vm −1 is reached under DC I-V measurements. Besides, the electrical behavior of superconductor is modeled by E-J power law
The partial differential equations will be then extracted from Maxwell equations and be solved by finite element analysis.
It should be noted that, the thickness of the sample is crucial while simulating the crossed field effect. However, putting the actual thickness for each layer, 1 μm, will increase the degrees of freedom (DOF) dramatically that, consequently, leads to relatively high computation time. Therefore, we set the thickness to 100 μm to satisfy the low thickness comparing with the wider surface, which is 12 mm and also to keep the DOF in a sensible range.
The distribution of the current densities of initial field cooled magnetization and after applying transverse AC field, μ 0 H peak ab = 300 mT, and the frequency of 0.5 Hz are depicted in Fig. 5(a) . It is evident that, regardless of slight changes in the middle of the sample, the overall pattern of current density in the sample is merely changed. On the other hand, comparing these results with the simulation results for a superconducting bulk [6] , in which applying (H ab /H c ≈ 1.5) would lead to the total collapse of magnetization, the maximum reduction of magnetization in this simulation is 8% [ Fig. 5(b) ], which is in a good agreement with the experiment.
As shown in Fig. 6 , the use of superconducting tapes integrated with some materials with high relative permeability is proposed as a preventive method to shield transverse magnetic field. On the other hand, the superconducting tapes are highly competent to shield DC and AC magnetic field. References [15] , [16] The idea is to wrap several layers of superconducting tapes around the sample, e.g. HTS bulk or tape, to decrease the intensity of the magnet field experienced by the sample, and, conclusively, the rate of the demagnetization would be dropped. Similarly, we can use materials such as μ-metal or metallic glass [17] as their high value of permeability provide a low reluctance path for magnetic flux and, subsequently, shield against static or slowly varying magnetic fields. It should be noted that μ-metal is saturated at low magnetic field, therefore, using several layers is advised; each layer shields a fraction of magnetic field. 
IV. CONCLUSION
This paper addresses in details the demagnetization effect in a stack of superconducting tapes that was subjected various amplitudes and frequencies of transverse magnetic fields. The maximum decrement of initial magnetization for the case where H ab /H c ≈ 2.5 that was about 10% that makes the stacked tapes as a good substitution for superconducting bulks in superconducting motors. Furthermore, a 2-D model of HTS stacked tapes based on finite element method was employed and the results were in a good agreement with the experiment. Finally, to even make the superconductors more interesting for practical for real applications, we proposed a method to decrease the demagnetization by basically wrapping the HTS tapes or some materials with high permeability around the sample.
